Aims/hypothesis Cardiac steatosis and myocardial insulin resistance elevate the risk of cardiac complications in obesity and diabetes. We aimed to disentangle the effects of circulating glucose, insulin and NEFA on myocardial triacylglycerol (TG) content and myocardial glucose uptake. Methods Twenty-two pigs were stratified according to four protocols: low NEFA+low insulin (nicotinic acid), high NEFA+low insulin (fasting) and high insulin+low NEFA± high glucose (hyperinsulinaemia-hyperglycaemia or hyperinsulinaemia-euglycaemia). Positron emission tomography, [U-13 C]palmitate enrichment techniques and tissue biopsies were used to assess myocardial metabolism. Heart rate and rate-pressure product (RPP) were monitored. Results Myocardial glucose extraction was increased by NEFA suppression and was similar in the hyperinsulinaemiahypergylcaemia, hyperinsulinaemia-euglycaemia and nicotinic acid groups. Hyperglycaemia enhanced myocardial glucose uptake due to a mass action. Myocardial TG content was greatest in the fasting group, whereas hyperinsulinaemia had a mild effect. Heart rate and RPP increased in hyperinsulinaemia-euglycaemia, in which cardiac glycogen content was reduced. Heart rate correlated with myocardial TG and glycogen content. Conclusions/interpretation Elevated NEFA levels represent a powerful, self-sufficient promoter of cardiac TG accumulation and are a downregulator of myocardial glucose uptake, indicating that the focus of treatment should be to 'normalise' adipose tissue function to lower the risk of cardiac TG accumulation and myocardial insulin resistance. The observation that hyperinsulinaemia and nicotinic acid led to myocardial fuel deprivation provides a potential explanation for the cardiovascular outcomes reported in recent intensive glucoselowering and NEFA-lowering clinical trials.
Introduction
Myocardial fat accumulation and myocardial insulin resistance have been implicated in the pathogenesis of cardiac complications in obesity and diabetes. A progressive increase in myocardial fat content has been observed in obese and type 2 diabetic patients [1] , and has been shown to correlate with a decline in left ventricular function and signs of cardiomyopathy [2, 3] . Increased myocardial triacylglycerol (TG) storage may reflect an imbalance between the supply and utilisation of fatty acids. In animal models, fatty acid overflow contributes to the development of diastolic dysfunction, promoting cardiac hypertrophy and fibrosis [4] [5] [6] [7] . An elevation of circulating NEFA, as is sometimes seen in obesity and type 2 diabetes, is associated with myocardial insulin resistance, in which the persistent use of NEFA can lead to an impaired consumption of glucose, in line with the Randle cycle, and inefficient ATP production [8, 9] . As a consequence of increasing NEFA levels and insulin resistance, there is an upregulation of the pathways involved in fatty acid metabolism, while glucose metabolism is inhibited [10] . In these conditions, cardiac work and oxygen utilisation are enhanced [11] , hampering the response of the myocardium to hormonal stimuli and ischaemia.
Several studies have suggested that the modulation of myocardial TG by suppression of plasma substrate (i.e. NEFA and glucose) and hormone (i.e. insulin) levels may be beneficial. However, the relative contribution of hyperglycaemia, elevated levels of plasma NEFA and hyperinsulinaemia to the regulation of ectopic lipid accumulation and myocardial insulin sensitivity remains unclear. Although a positive association between hyperglycaemia and myocardial TG has been reported with obesity, impaired glucose tolerance and type 2 diabetes [1] , the induction of short-term hyperglycaemia by insulin deprivation in type 1 diabetes did not change myocardial TG content or left ventricle function [12] . An elevation in plasma NEFA, resulting from short-term caloric restriction, starvation or an acute bout of exercise in healthy and/or type 2 diabetic individuals, has been associated with myocardial TG accumulation and decreased left ventricle diastolic function [2, [13] [14] [15] . Moreover, the pharmacological suppression of circulating NEFA by the antilipolytic nicotinic acid derivative acipimox prevented the accumulation of myocardial TG during exercise [14] . Conversely, plasma NEFA elevation after 3 days of high-fat feeding did not affect myocardial function or TG accumulation [16] . The purpose of the current study was to investigate the independent roles of hyperglycaemia, low and high plasma NEFA concentrations and hyperinsulinaemia on myocardial insulin sensitivity, fatty acid metabolism and the synthesis and content of TG.
Methods

Study design
The study design is schematised in Fig. 1 . Twenty-two weight-matched pigs (29.6± 1.0 kg, mean ± SEM) were fasted for 14-15 h before the study. Each protocol consisted of a stabilisation period (t=−120 to t=0 min) during which [U- 13 C]palmitate complexed to albumin (0.04 μmol kg −1 min ) was infused to achieve steady-state enrichment. From t=0 to t=300 min, the following protocols were applied: (1) hyperinsulinaemia-hyperglycaemia (n=6), in which insulin was infused at a prime-constant rate of 1 mU kg −1 min −1 and glucose was co-administered to achieve a g l y c a e m i a o f a p p r o x i m a t e l y 1 5 m m o l / l ; ( 2 ) hyperinsulinaemia-euglycaemia (n=6) in which euglycaemia was maintained; (3) fasting (n=5), in which saline (0.9%) was infused, resulting in a prolonged, i.e. approximately 20 h, fasting period at the time of imaging and tissue sampling; and (4) low NEFA, in which nicotinic acid (n=5) was administered at a rate of 1.5 mg kg −1 min −1 [17] . In the fasting and nicotinic groups, saline was used to match the infusion volumes of protocols 1 and 2.
The experimental protocol was conducted in accordance with the D.L. 116/92 implementation of the directive EEC 609/86 regarding the protection of animals used for experimental and other scientific purposes.
Animal preparation and positron emission tomography scanning The animals were sedated on the morning of the study with tiletamine and zolazepam (10 mg/kg i.m. Zoletil; Virbac Laboratories, Carros, France), and anaesthesia was maintained by an infusion of pentothal sodium (8-12 ml/h, 40 mg/ml; MSD Animal Health, Milan, Italy). The animals were mechanically ventilated via tracheal intubation with oxygen and normal room air (fraction of inspired oxygen 30-40%, respiratory volume 100-150 ml kg The animals were transported to the positron emission tomography (PET) facility and positioned supine with the thoracic area in the gantry of an ECAT HR+ tomograph (Siemens CTI, Knoxville, TN, USA). The infusion protocols were started, and at t=230 min a transmission scan was performed to measure photon attenuation. At t=240 min, the glucose analogue 18 F-FDG (284±15 MBq, mean±SEM) was administered by rapid i.v. injection and a 60 min dynamic scan was started. Arterial blood samples were taken every 30 min for the measurement of plasma glucose, TG, cholesterol, NEFA, β-hydroxybutyrate (3-OHB) and [U- 13 C]palmitate enrichment in the NEFA and TG pools as previously described [18, 19] . Vital signs, haematocrit, blood pressure and heart rate (HR) were monitored throughout the study. The animals were killed with an overdose of sodium pentobarbital. The chest was opened and myocardial tissue samples were collected and flash-frozen in liquid nitrogen.
Image processing All sinograms were corrected for deadtime, decay and photon attenuation and were reconstructed by standard algorithms. Regions of interest were drawn on images corresponding to three consecutive planes of the left ventricle to obtain myocardial 18 F-FDG time-activity curves, and at the base of the left ventricular chamber of the heart to obtain corresponding input functions, representing the amount of tracer available in the circulation for organ extraction over time. The curves were corrected for residual spillover and partial volume effects [20] . In addition, input functions were corrected for the competitive effect of plasma glucose [21] .
Systemic and myocardial glucose metabolism Graphical analysis [22] was used to quantify the myocardial glucose clearance (Ki, ml min
). Myocardial glucose uptake (GU; μmol min −1 ml
) was obtained by multiplying the Ki values by the steady-state plasma glucose concentrations and dividing by a lumped constant term of 1.0 [23, 24] .
The systemic glucose disappearance rates (G-Rds; μmol min
) were calculated according to a previously validated method [25] . The injected 18 F-FDG dose was discounted for the average 20% of 18 F-FDG found in the urine, as measured in a subset of animals. The resulting dose was divided by the integral of plasma activity from t=0 to t=∞ to obtain the metabolic glucose clearance rate. G-Rd was estimated as the product of the clearance rate and the steadystate glycaemia.
Systemic and myocardial [U- 13 C]palmitate metabolism Total lipids were extracted from tissue and plasma [26] . Tissue and plasma TG and plasma NEFA were separated from the other lipid fractions by solid-phase extraction [27] and the prepared fatty acid methyl esters (FAMEs) were analysed by gas chromatography [28] . Unlabelled plasma palmitate concentrations were calculated by multiplying the proportion of palmitate in the plasma lipid pool by the corresponding plasma concentrations of NEFA or TG determined enzymatically [19] .
[U- 13 C]palmitate enrichments in the FAME derivatives of NEFA and TG were analysed by GC-MS [19] . Tracer-totracee ratios (TTRs) for [U- 13 C]palmitate (M+16)/(M+0) were calculated. The baseline measurement (before administration of the stable isotope tracer) was subtracted from the TTR of each sample (both plasma and tissue) to allow for natural abundance. The TTRs were multiplied by the corresponding palmitate NEFA or palmitate TG concentrations to give plasma or tissue tracer concentrations. The rate of appearance (Ra; μmol min
) of NEFA was calculated by dividing the [U- Myocardial TG content Samples (~100 mg) of myocardial tissue (left ventricle) were homogenised in absolute ethanol. After 2 h of shaking at room temperature, the cell debris was allowed to settle and the supernatant fraction was separated by centrifugation at 2,000g for 5 min at room temperature. Myocardial TG content was measured by an enzymatic assay using a commercial kit (Giesse Diagnostic, Rome, Italy).
Cardiac histology, glycogen and lipid content Cryosections, 8 μm thick and fixed in cold 10% neutral buffered formalin, were stained with haematoxylin and eosin (H&E) and the Periodic acid-Schiff (PAS) reaction (Bio-Optica, Milan, Italy) according to standard protocols, to evaluate tissue morphology and glycogen content, respectively. Stained sections were acquired using an optical microscope connected to a colour camera (Carl Zeiss, Oberkochen, Germany). The glycogen content was assessed using a semi-quantitative grading scale of staining intensity with a score ranging from 1 (low intensity) to 3 (high intensity). For each sample, a score was calculated as the mean value of three independent determinations of randomly selected and blindly examined sections.
Cardiac workload Resting HR and systolic and diastolic blood pressure (SBP, DBP) were monitored over time, and their dependence on the infusion protocol was examined. The rate-pressure product (RPP=SBP×HR) was used as index of cardiac workload.
Statistical analysis Data were analysed using SPSS for MAC (version 20; SPSS, Chicago, IL, USA). Results are expressed as the median (range) and analysed by the non-parametric Wilcoxon and Mann-Whitney tests, for paired or independent samples. Spearman's correlation coefficients were used to determine associations. Multivariate regression analysis was used to establish independent relationships. A p value <0.05 was considered to be significant.
Results
The metabolic variables of the four groups are summarised in Table 1 .
At steady state, the insulin levels were higher in hyperinsulinaemia-hypergylcaemia and hyperinsulinaemiaeuglycaemia groups compared with the fasting and nicotinic acid groups, and higher in the hyperinsulinaemiahyperglycaemia than the hyperinsulinaemia-euglycaemia g r o u p . P l a s m a N E FA l e v e l s d e c r e a s e d i n t h e hyperinsulinaemia-hypergylcaemia, nicotinic acid and hyperinsulinaemia-euglycaemia groups, with the change being most notable in the latter (p=0.028); no decrease was noted in the fasting group. The decline in plasma TG was significant in hyperinsulinaemia-euglycaemia, consistent with a suppression of hepatic VLDL-TG production. The higher plasma TG concentrations observed in the hyperinsulinaemia-hyperglycaemia group may be explained by hepatic de novo lipogenesis, as indicated by a significant increase in lipogenic index of the plasma TGs (16:0/18:2-6, p<0.05); a change in lipogenic index was not observed in the hyperinsulinaemia-euglycaemia group.
Plasma 3-OHB levels tended to increase over time in the f a s t i n g g r o u p ( p = 0 . 0 8 ) a n d d e c r e a s e i n t h e hyperinsulinaemia-euglycaemia group (p = 0.028). The change in 3-OHB was associated with the change in NEFA levels (r=0.588, p=0.013).
Systemic and myocardial glucose metabolism The variables relating to systemic glucose metabolism are summarised in Table 2 . No significant changes in glucose, insulin and glucose infusion rates occurred after 2 h, indicating steady state. Systemic glucose clearance and G-Rd were higher in the hyperinsulinaemia-hyperglycaemia group and progressively decreased in the hyperinsulinaemia-euglycaemia group, fasting and nicotinic acid groups. G-Rd was correlated with steady-state insulin concentrations (r=0.861, p<0.001).
Myocardial Ki reflects the intrinsic response of the heart to glucose extraction. It was lowest in the fasting group, reaching significance vs the hyperinsulinaemia-euglycaemia and nicotinic acid groups (Fig. 2a) . Myocardial GU incorporates Ki and the influence of ambient glycaemia (glucose mass action), both of which determine the uptake of glucose by the heart. Myocardial GU was highest in the hyperinsulinaemiahyperglycaemia, followed by the hyperinsulinaemiaeuglycaemia and then the nicotinic acid and fasting groups; it was more than two times higher in the nicotinic acid than the fasting group (Fig. 2b, c) . Myocardial GU was positively correlated with glucose (r=0.554, p=0.009) and insulin (r= 0.652, p=0.001) levels, and inversely associated with NEFA concentrations (r=−0.589, p=0.006) and the increment in plasma 3-OHB (r=−0.626, p=0.004). In multiple regression analysis, myocardial glucose clearance was independently related to NEFA levels (inversely, p= 0.057) but not to insulinaemia (p=0.92) or glycaemia (p=0.46).
Systemic and myocardial [U-
13 C]palmitate and TG metabolism The systemic and myocardial palmitate data are summarised in Table 2 . The plasma Ra of NEFA was higher in the fasting compared with the hyperinsulinaemiaeuglycaemia group (p=0.045). It was positively correlated with plasma NEFA levels (r=0.397, p=0.05), and inversely The estimation of myocardial palmitate esterification was based on the assumption that a quasi steady state was reached in the tissue compartment after 7 h of [U- 13 C]palmitate infusion as plasma NEFA and TG TTRs achieved steady state in all groups. Myocardial palmitate esterification was higher in the fasting compared with the other groups, with a significantly greater myocardial TG content being noted in the fasting animals (Fig. 3a) .
Cardiac histology and glycogen content H&E staining did not show any significant structural difference between the groups. The PAS score, calculated using a semi-quantitative grading scale of staining intensity (Fig. 4a) and representing the cardiac glycogen content, was lower in the hyperinsulinaemia-euglycaemia group compared with the other groups (Fig. 4b, d ). Cardiac workload Changes from resting baseline to steadystate SBP and DBP, HR and RPP are reported in Table 1 . No significant differences were observed in blood pressure between the groups during the study. The baseline HR was higher (p < 0.05) in the fasting group compared with the hyperinsulinaemia-hyperglycaemia and nicotinic acid groups. HR and RPP increased significantly only in the hyperinsulinaemia-euglycaemia condition. Steady-state RPP tended to be positively associated with myocardial TG and inversely associated with glycogen content. HR was correlated with myocardial TG (Fig. 3b ) and glycogen content (Fig. 4c) .
Discussion
Obesity and diabetes are characterised by elevated levels of NEFA, glucose and insulin, which may contribute to the pathogenesis of cardiac steatosis and myocardial insulin resistance, both of which have been implicated in elevating the risk of cardiovascular disease and cardiomyopathy. The purpose of this study was to disentangle the individual roles of glucose, insulin and (physiological) NEFA levels on myocardial glucose and lipid metabolism. Our data demonstrate that plasma NEFA concentrations are of significance in the regulation of myocardial metabolism. Myocardial TG synthesis and content were elevated in response to the supply of NEFA, whereas an inhibition of adipose tissue lipolysis -hormonally or pharmacologically induced -resulted in the promotion of myocardial GU without major changes in myocardial TG accumulation. The effect of insulin on myocardial glucose clearance was likely to be mediated by NEFA suppression, while a considerable (insulin-independent) effect of glucose in promoting myocardial GU was seen. We used nicotinic acid as a negative control, reflecting the absence of insulin, glucose and NEFA. The prolonged fasting protocol allowed us to examine the isolated effects of Heart rate (bpm) PAS score (AU) Fig. 4 Myocardial glycogen content, measured using an intensity scale of PAS staining (a), was lower in the hyperinsulinaemia-euglycaemia group with respect to the other groups (b), and was inversely associated with HR (p=−0.589, r=0.010) as an indicator of cardiac workload (c). The differences between the hyperinsulinaemiahyperglycaemia and hyperinsulinaemia-euglycaemia groups are shown (d). Magnification ×100. AU, arbitrary units. *p<0.05, **p<0.01 physiologically elevated plasma NEFA concentrations. The hyperinsulinaemia-euglycaemia and hyperinsulinaemiahyperglycaemia groups were used to establish the contribution of physiological hyperinsulinaemia and the additional contribution of hyperglycaemia to myocardial TG accumulation and glucose disposal. As a clinical translation, each of the latter three conditions reflects one of the metabolic abnormalities observed in diabetic and obese patients, whereas the nicotinic acid mimicked the metabolic profile that may be achieved with an intensive treatment; both extremes may be detrimental to the metabolism of the heart.
Nicotinic acid administration was associated with low myocardial GU, palmitate esterification and TG content. Previous evidence [29] [30] [31] has shown that nicotinic acid enhances myocardial GU by reducing plasma NEFA availability. In our study, the myocardial glucose clearance (Ki, ml min −1 ml −1
; Fig. 2a ) was more than twice as high in the nicotinic acid compared with the fasting group, in spite of low insulin and glucose levels, and similar to that observed in the hyperinsulinaemic states. However, myocardial GU (myocardial clearance×glycaemia; Fig. 2b ) in the nicotinic acid group was not as high as in the two hyperinsulinaemia groups, due to the reduction in glycaemia. Although such a decline in glucose levels does not commonly occur in acute studies, we have previously observed a glucose-lowering effect of acipimox in human patients [32] . In the present study, the duration of NEFA suppression was longer than was seen in other acute studies, which may cause a compensatory consumption of glucose by all the body organs, resulting in fuel deprivation. An inefficient compensation of NEFA depletion by glucose or 3-OHB in the myocardium may underlie the reduced cardiac work, stroke volume and/or ejection fraction observed upon acute and chronic acipimox administration in healthy participants [32, 33] .
Our results indicate that exposure to physiologically elevated NEFA levels may be a key mechanism in promoting TG accumulation in the myocardium, which appears to have a dynamic lipid depot that is responsive to acute metabolic changes [13, 34] . Prolonged fasting (~20 h) was associated with a rise in plasma NEFA concentrations and appearance rates. Accordingly, [U- 13 C]palmitate enrichment in this pool was reduced and inversely correlated with NEFA concentrations, consistent with dilution by endogenous NEFA. NEFA entering the liver are partitioned into the ketogenic pathway, as shown by the trend for plasma 3-OHB concentrations to increase. Due to substrate competition [9] , systemic and myocardial GU rates were low; the latter was inversely correlated with the increment in 3-OHB and NEFA levels. An increase in myocardial palmitate esterification and content was observed in the fasting group compared with the other groups, a finding consistent with studies in healthy and type 2 diabetic individuals [2, 15, 35] . These studies reported an increased myocardial TG content when lipolysis was induced by caloric restriction or a 48 h fasting period, unless acipimox was coadministered to counteract increasing NEFA levels [12] . Work in fasting dogs has demonstrated that elevated plasma NEFA concentrations, achieved by intralipid-heparin infusion, were associated with greater content and synthesis rates of myocardial TG compared with conditions with lower plasma NEFA, such as insulin or saline infusion [36] . In contrast, high-fat feeding does not change myocardial TG content in healthy subjects, despite notable increases in plasma TG and NEFA levels and an accumulation of liver fat [16, 35] . Notably, insulin concentrations are low during caloric restriction or intralipid administration, while a high insulin in response to a high-fat diet may limit myocardial TG accumulation by suppressing the release of NEFA from adipose tissue and TG from the liver, which is consistent with our findings.
The more chronic exposure to hyperinsulinaemia that occurs in obese and type 2 diabetes individuals, together with adipose tissue and liver insulin resistance, may result in a more significant effect of insulin on cardiac steatosis. However, our data indicate that the delivery of NEFA to the heart is primarily responsible for myocardial TG accumulation, confirming the latter as a predictor of cardiac workload, as measured by HR. An acute elevation in plasma NEFA levels has been negatively associated with aortic distensibility in healthy individuals [37] , supporting the role of plasma NEFA in cardiovascular complications. The elevation of 3-OHB observed in the fasting group may lower the use of glucose and NEFA by the heart, thereby further diverting glycerol and fatty acids into TG synthesis. From a clinical standpoint, NEFA levels are not routinely measured in clinical patients, and our data suggest a need for trials evaluating the predictive value of NEFA for cardiovascular outcomes. The perspective is that NEFA may represent a biomarker that is easily measurable in the clinic, where routine assessments of myocardial steatosis and insulin resistance are not realistic.
Under the hypothesis that glucose represents a source of glycerol for TG synthesis, enhancing the lipogenic effects of hyperinsulinaemia, we investigated the effects of hyperglycaemia-hyperinsulinaemia as a promoter of myocardial TG accumulation. Myocardial glucose clearance was similar in the hyperinsulinaemia-hyperglycaemia and hyperinsulinaemia-euglycaemia groups, suggesting that myocardial insulin sensitivity is superimposable in these two states, whereas it was similar in the nicotinic acid and lower in the fasting group, suggesting that the action of insulin to stimulate myocardial GU is primarily mediated by the suppression of plasma NEFA. This was further supported by multivariate regression data showing an independent association between myocardial glucose clearance and NEFA, but not insulin, levels. Independent of insulin and NEFA, the mass action of glucose can potently enhance its own myocardial uptake, as demonstrated here. However, the increase in myocardial GU did not translate into a significant elevation in myocardial TG accumulation compared with that of the hyperinsulinaemic state alone. Hammer et al [38] reported that 24 h of hyperglycaemia achieved by partial insulin deprivation in patients with type 1 diabetes did not affect the myocardial TG content. In contrast, Winhofer et al [34] demonstrated that combined hyperglycaemia and hyperinsulinaemia induced myocardial lipid accumulation in normal individuals, independent of insulin resistance and while plasma NEFA were suppressed; the authors suggested that insulinaemia rather than glycaemia was responsible. Our data extend this line of evidence by separating the effect of hyperglycaemia from that of hyperinsulinaemia and comparing these with control conditions. We show a modest effect of hyperinsulinaemia on myocardial TG accumulation, which may be explained by the counteracting lack of NEFA.
Our data suggest that, during hyperinsulinaemia, the suppression of circulating NEFA, 3-OHB and TG primarily direct myocardial glucose towards oxidative pathways, consistent with the depletion of myocardial glycogen that was observed in hyperinsulinaemia-euglycaemia. An increased consumption of glycogen may result from an elevation of cardiac workload, as supported by the inverse correlation between glycogen content and HR or RPP. Similarly, in fasting conditions, glycogen depots tended to be lower and RPP was higher. In line with our findings, elevations in HR and RPP have been observed in patients with type 2 diabetes or those fed a high-fat diet [1, 16] while no change in haemodynamic variables has been observed following an acute exposure to isolated hyperglycaemia [38] or combined hyperinsulinaemiahyperglycaemia [34] .
Some limitations of our study include the sample size. According to ethical committee recommendations, we used the minimum number of animals to guarantee the statistical power of the main endpoints; clear-cut results were achieved during steady state, reducing variability. In order to describe our data appropriately, we performed non-parametric analysis, but the variability in some baseline findings could not be overcome. All the animals were killed at the end of the protocol for tissue collection, so comparisons are across, rather than within, groups for tissue-specific variables. Although we could not directly prove a myocardial steadystate incorporation of 13 C-after 7 h of tracer infusion, steady-state enrichment was reached in the plasma lipid pools before tissue collection.
In conclusion, we have demonstrated, in a controlled fashion, that elevated plasma NEFA concentrations represent a powerful, self-sufficient promoter of myocardial TG accumulation and myocardial insulin resistance. Our data indicate that insulin acts on myocardial glucose clearance primarily by a suppression of NEFA levels. Independent of insulin, hyperglycaemia promotes myocardial GU by mass action. Although reflecting acute phenomena, with an extrapolation to more chronic substrate and hormone exposures being speculative, our work has clinical implications. First, our data suggest that insulin resistance in adipose tissue is an important target for the prevention of the aforementioned cardiac conditions. Second, we have provided evidence that hyperinsulinaemia is a state of partial myocardial fuel deprivation in which glycogen stores may have to be used to support an increase in workload. This evidence may help to explain the negative cardiovascular outcome findings from intensive glucose control clinical trials in patients with diabetes [39, 40] . Finally, our study supports the implementation of trials examining the predictive power of plasma NEFA levels and of NEFA normalisation on cardiac complications related to obesity and type 2 diabetes.
